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ABSTRACT: Fecal indicator organisms are measured to indicate the
presence of fecal pollution, yet the association between indicators and
pathogens varies by context. The goal of this study was to empirically
evaluate the relationships between indicator Escherichia coli, microbial
source tracking markers, select enteric pathogen genes, and potential
sources of enteric pathogens in 600 rural Bangladeshi households. We
measured indicators and pathogen genes in stored drinking water, soil,
and on mother and child hands. Additionally, survey and observational
data on sanitation and domestic hygiene practices were collected. Log10
concentrations of indicator E. coli were positively associated with the
prevalence of pathogenic E. coli genes in all sample types. Given the
current need to rely on indicators to assess fecal contamination in the
ﬁeld, it is signiﬁcant that in this study context indicator E. coli concentrations, measured by IDEXX Colilert-18, provided
quantitative information on the presence of pathogenic E. coli in diﬀerent sample types. There were no signiﬁcant associations
between the human fecal marker (HumM2) and human-speciﬁc pathogens in any environmental sample type. There was an
increase in the prevalence of Giardia lamblia genes, any E. coli virulence gene, and the speciﬁc E. coli virulence genes stx1/2 with
every log10 increase in the concentration of the animal fecal marker (BacCow) on mothers’ hands. Thus, domestic animals were
important contributors to enteric pathogens in these households.
■ INTRODUCTION
In low- and middle-income countries, diarrheal illness is a
leading cause of morbidity and mortality.1 In Bangladesh, 6%
of the 129 000 deaths in children under ﬁve in 2013 were
attributed to diarrheal diseases.2 Diarrheal illness results from
exposure to fecal pathogens which can be transmitted from
feces to a new human host through a variety of environmental
pathways, including ﬁngers, ﬁelds, ﬂies, ﬂuids, and food,
described in the F-diagram.3 Recent additions to the F-diagram
stress the importance of animal hosts by expanding fecal
sources to include feces from livestock, free-roaming animals,
and synanthropic rodents.4 While it is well-known that enteric
pathogens are transmitted through these pathways, few studies
have measured pathogens to characterize exposure from
diﬀerent animal reservoirs.
There is a high potential for zoonotic enteric disease
transmission in low- and middle- income countries where
animal husbandry is a primary source of income.5 For example,
in Bangladesh raising livestock such as cows, goats, and
chickens results in animals roaming freely within the home
environment.6 Close proximity to domesticated animals can
lead to human exposure to livestock feces. Many pathogens can
be transmitted from animal feces to human hosts and result in
diarrheal illnesses.5 Of the ﬁve most common etiological agents
of moderate to severe diarrhea in children 0−11 months in
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Bangladesh, two (Cryptosporidium and Campylobacter) are
known to have important animal reservoirs.7,8
Measuring enteric pathogens in the environment can help
identify reservoirs and potential exposure pathways, which can
better inform design of strategies to reduce human exposure.
However, there are many diﬀerent fecal pathogens from
humans and animals capable of causing disease, making it
infeasible to measure them all, especially given that most are
diﬃcult to measure in the environment due to their low
concentrations in environmental matrices and costly and
complex methods of detection.9 Therefore, fecal indicators are
commonly used to indicate the presence of fecal contam-
ination, which may contain pathogens.9 Thermotolerant
coliforms and Escherichia coli are recommended indicators of
drinking water quality by the World Health Organization.10
Other fecal indicators such as Bacteroidales are used for
identifying sources of fecal contamination through microbial
source tracking (MST).11 However, the degree to which
indicators and pathogens co-occur in environmental samples
varies depending on their concentrations in the original fecal
source (pathogen concentrations depend on the infection
status of the human or animal, whereas indicator organism
concentrations are expected to remain more stable) and the
relative transport and die-oﬀ/growth rates of organisms once
they are in the environment. Additionally, correlations between
indicator organisms and pathogens in natural environments,
such as soil and surface waters, are impacted by the
concentrations of naturally occurring E. coli in the environ-
ment, often referred to as “naturalized” E. coli. Thus, the
relationship of indicator organisms and speciﬁc pathogens in or
on diﬀerent environmental matrices (e.g., water, soil, hands,
fomites, food) varies spatially and temporally depending on
these factors.12 Nonetheless, a better empirical understanding
of the relationship between indicators and pathogens in
speciﬁc environmental reservoirs and contexts in low- and
middle-income countries may improve the ability to estimate
human health risk and identify fecal sources and exposure
pathways of greatest concern. Furthermore, pinpointing
dominant sources and reservoirs will help improve the design
of targeted interventions that can reduce exposure to fecal
pathogens, mitigating the burden of diarrheal illnesses.13,14
The aim of this study was to measure fecal indicators and
select human pathogen genes in diﬀerent reservoirs in the
domestic environment to (1) determine the association
between concentration of indicator E. coli and presence of
pathogen genes; and (2) use microbial source tracking and
observations of animal feces in compounds to investigate
potential human and animal sources of detected pathogen
genes.
■ MATERIALS AND METHODS
We selected multiple types of microorganisms that are leading
causes of diarrheal illness in developing countries and have a
range of host speciﬁcity between humans and animals. The
selected targets were indicators (E. coli, human-associated
Bacteroidales- like gene, and nonhuman animal-associated
Bacteroidales gene) and pathogen genes (enteropathogenic E.
coli (EPEC), enteroaggregative E. coli (EAEC), shiga-toxin
producing E. coli (STEC), enteroinvasive E. coli (EIEC),
enterotoxigenic E. coli (ETEC), norovirus GII, Giardia lamblia,
and Cryptosporidium spp.). We measured these targets in
diﬀerent reservoirs in the domestic environment within rural
Bangladeshi compounds: stored water, soil, and mother and
child hands (Figure 1).
We reviewed current literature to determine which of the
selected pathogens had the potential to originate from both
human and animal reservoirs or only human reservoirs.
Pathogens associated with both human and animal feces
include Cryptosporidium, Giardia lamblia, EPEC, STEC, and
ETEC.15−17 Humans serve as a reservoir of typical EPEC,
while animals such as pigs and chickens can serve as reservoirs
of atypical EPEC.17,18 Though typical and atypical EPEC can
be diﬀerentiated by the presence of the gene bfpA, this study
only measured eaeA and will therefore not distinguish between
these strains.19 STEC is characterized by the presence of shiga
toxin genes (stx1 or stx2) and is known to come from
ruminants.17 Enterohemorrhagic E. coli (EHEC) is a common
type of STEC that can also carry the eaeA gene found in
EPEC.17,20 ETEC is found in both humans and animals but
species-speciﬁc adhesion factors confer host speciﬁcity.8 We
were unable to diﬀerentiate ETEC with human adhesion
factors in this study because the enterotoxins we measured,
st1b and lt1, can be found in both humans and animals.21−24
Previous studies have isolated Giardia lamblia and Cryptospori-
dium spp. in many fecal sources and identiﬁed closely related
isolates from humans and animals.15,25 On the other hand,
norovirus GII, EAEC, and EIEC are associated with primarily
human sources, largely based on genetic analysis of pathogens
in human and animal fecal samples.17,26,27 While EAEC is also
found in animals, the gene we detected, aggR, has been
identiﬁed in EAEC isolated from humans but not animals.27,28
EIEC has also been found in primates, which are unlikely to be
important contributors to fecal pollution in the study
communities.17 It should be noted that the associations
Figure 1. Pathogens associated with human and animal origin in
diﬀerent reservoirs investigated in this paper. aAtypical enter-
opathogenic E. coli (EPEC) is transmitted by humans and animals,
typical is transmitted by humans only. bSTEC: Shiga toxin- producing
E. coli. cEnterotoxins found in enterotoxigenic E. coli (ETEC) can be
from humans and animals but species-speciﬁc adhesion factors confer
host speciﬁcity. dOutside of human and animal sources, indicator E.
coli can also occur naturally in the environment. eBacCow is speciﬁc
to animals. fAggR gene in enteroaggregative E. coli (EAEC) only found
in strains isolated from humans. gEnteroinvasive E. coli (EIEC) has
been found in humans and primates; primates are not relevant to this
study.
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between pathogens and possible hosts in Figure 1 are based on
current scientiﬁc understanding and evidence. Zoonotic
pathogen transmission is diﬃcult to demonstrate, and we are
limited by the methods that have been employed and the
pathogens, virulence genes, locations, and animal hosts that
have been investigated.
Study Setting and Design. 600 households were
randomly selected from those enrolled in the sanitation and
control arms (300 households per arm) of the WASH Beneﬁts
randomized controlled trial in rural Bangladesh, described
elsewhere.29 One study household was selected per compound
and compounds were usually relatives living in adjacent
households surrounding a central courtyard. Compounds were
clustered in groups of eight to reduce spillover eﬀects and for
the ease of community promoters delivering the interventions.
Clusters were geographically pair-matched and then randomly
allocated to diﬀerent intervention arms.30 Study households
were from the rural Gazipur, Mymensingh, Tangail, and
Kishoreganj districts. WASH Beneﬁts enrolled and followed
households with a pregnant woman. All study households
contained a young child (aged 9−44 months) at the time of
our visit. In this same subset of households, another analysis in
preparation was conducted to investigate the impact of the
sanitation intervention on the prevalence of pathogen genes
and microbial source tracker markers.31 Another related study
investigated how the presence of domestic animals impacted
concentrations of indicator E. coli in reservoirs in a subset of
households from the control arm.32
Data Collection. During household visits between March
and October 2015, trained ﬁeld staﬀ from the International
Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b)
collected environmental samples, interviewed the female
caregiver of young children regarding household practices on
handling of animal feces, and observed the number and type of
animal fecal piles in compound courtyards. Field surveyors also
recorded the number and type of animals owned by the
household as reported by the caregiver.
Sample Collection. We collected approximately 720
stored drinking water samples, 720 soil samples, 720 mother
hand rinses, and 360 child hand rinses from 600 study
households. We sampled 176 of households in the control and
156 of households in the sanitation arms twice, approximately
four months apart to assess the impact of season. Hand rinse
samples were collected by mothers placing their left-hand into
a sterile Whirlpak bag (Nasco, Modesto, CA) ﬁlled with 250
mL of distilled water. The hand was massaged from the outside
of the bag for 15 s, followed by 15 s of shaking. The same
procedure was repeated with the right-hand in the same bag.
To collect child hand rinse samples, respondents placed their
child’s hand into a separate Whirlpak bag and followed the
same procedure. Soil samples were collected from a 30 × 30
cm2 area as close to the house entrance as possible by scraping
the top layer of soil within a stencil into a sterile Whirlpak bag
using a sterile disposable plastic scoop. The sample area was
scraped both vertically and horizontally. Stored water samples
were collected by asking mothers to provide a glass of water as
they would give it to their child under ﬁve. The provided water
was poured into a sterile Whirlpak bag. All samples were
transported to the icddr,b ﬁeld laboratory on ice and processed
within 12 h of collection.
Indicator E. coli Enumeration and Detection of
Pathogen Genes. E. coli were enumerated (100 mL sample
volumes) using IDEXX Colilert-18 (IDEXX Laboratories,
Westbrook, Maine). Trays were incubated at 44.5 °C for 18
h.33 To prepare for IDEXX analysis, hand rinse samples were
diluted 1:2 with sterile distilled water in Whirpak bags, whereas
stored water was analyzed undiluted. Twenty g of soil was
homogenized with 200 mL of distilled water and diluted 1:104.
Soil was dried at 110 °C for 24 h to determine moisture
content. Each lab technician processed one blank (sterile
distilled water) for E. coli enumeration per day.
Pathogenic E. coli genes were identiﬁed using previously
published methods.20,34 All samples positive for E. coli as
determined by IDEXX Colilert-18 were archived for
subsequent pathogenic E. coli gene analysis. Broth from up
to 20 positive large wells was aseptically extracted from IDEXX
trays, composited, and centrifuged. Pellets were treated with
10× the pellet volume (≈0.1 mL) of RNAlater (Qiagen,
Germantown, MD), stored at −80 °C, and transported to UC
Berkeley at room temperature. Each lab technician analyzed
one lab blank per week for the archiving process by archiving
wells from IDEXX trays incubated with sterile distilled water.
Pellets were stored at −80 °C upon arrival at UC Berkeley.
DNA was extracted from bacteria pellets using the DNeasy
Blood and Tissue Kit (Qiagen, Germantown, MD). Multiplex
reactions were used to detect seven E. coli virulence genes
indicative of ﬁve possible pathotypes of E. coli: EAEC (aggR),
EPEC or EHEC (eaeA), STEC (stx1/stx2), EIEC (ipaH),
ETEC (lt1/st1b) (Supporting Information (SI) Table S1).
PCR products were run on 2% agarose gels at 110 V for 30
min. Additional information on DNA extraction and PCR
protocols is available in the SI.
Filtration and Nucleic Acid Extraction for qPCR
Targets. Laboratory technicians preprocessed samples in the
ﬁeld laboratory by ﬁltering 50 mL of hand rinse samples and
up to 500 mL of stored water (range: 100−500 mL) through a
0.45 μm HA ﬁlter (Millipore, Burlington, MA) to capture
bacteria and viruses. 0.5 mL of 2.5 M MgCl2 was added to
every 50 mL of sample to increase retention of viruses.35 Filters
were treated with 0.5 mL of RNAlater, stored at −80 °C and
transported to UC Berkeley at room temperature. Once per
day, each lab technician processed a lab blank by ﬁltering 5 mL
of sterile distilled water with 0.5 mL of MgCl2, followed by the
addition of RNAlater. Five grams of soil were weighed and
stored at −80 °C until transport at room temperature to UC
Berkeley in accordance with a USDA soil import permit (PPQ
525). Filter and soil samples were stored at −80 °C at UC
Berkeley. DNA and RNA were extracted from ﬁlters and 0.25 g
of soil samples using modiﬁed Mobio PowerWater and
PowerViral (both now Qiagen, Germantown, MD) protocols,
described in previous studies and in the SI.36,37 An extraction
blank was included in each batch of 23 samples. Extraction
eﬃciencies for DNA and RNA were determined in a subset of
samples using Pseudomonas syringae pv. phaseolicola (pph6)
and MS2 (SI Table S2).
qPCR Assays. Samples were analyzed for norovirus GII,
Giardia lamblia, Cryptosporidium spp. genes, and microbial
source tracking markers using quantitative PCR (SI Table S3).
Speciﬁcally, to detect human fecal contamination we used the
HumM2 assay which targets a gene for a hypothetical protein
in human-associated Bacteroidales-like microorganisms.38,39 We
obtained a research license (#864-15) from the U.S. Environ-
mental Protection Agency to use the patented HumM2 assay.
To detect nonhuman, animal-associated fecal contamination
we used the BacCow assay which, although designed to target
the 16S rRNA of Bacteroidales associated with ruminants, has
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been shown to detect Bacteroidales in cows, ducks, goats, and
chickens but not humans in rural Bangladesh.36,40 The
microbial source tracking markers were previously evaluated
for sensitivity and speciﬁcity in rural Bangladesh.36 BacCow
was sensitive but not speciﬁc to ruminant feces, and HumM2
performed the best out of all tested human-associated assays
(HumM2, HF183, and BacHum), although it also ampliﬁed in
the feces of chickens and goats.36
Approximately 100 stored water, soil, and mother and child
hand rinse samples were processed for norovirus GII, Giardia,
and Cryptosporidium genes. Among this subset, <1% of soil and
stored water samples were positive for norovirus and Giardia
genes, whereas 3% of mother hands and 6% of child hands
were positive for norovirus, and 1% of mother hands and 6% of
child hands were positive for the Giardia gene. Therefore, we
decided to analyze only hand rinse samples for norovirus and
Giardia genes. Less than 1% of all environmental sample types
were positive for the Cryptosporidium gene; consequently, we
did not continue to analyze for the Cryptosporidium gene in
any sample type.
All samples were run in triplicate on a 96-well plate (Applied
Biosystems, Foster City, CA) on a StepOnePlus thermal cycler
(Applied Biosystems, Foster City, CA). Each run contained a
standard curve and three no template controls. A subset of
samples were tested for inhibition using the spike-and-dilute
method.41 We did not dilute any samples for any of the
pathogen and indicator assays based on our results of
inhibition testing (SI Tables S4 and S5). Standard curves for
each assay were determined by pooling all results and using a
linear mixed eﬀects model (SI Table S6).42 We used the curves
from the linear mixed eﬀects models to determine Ct values in
samples for all assays. Assays and qPCR methods are described
in more detail in the SI.
Data Analysis. Samples below the limit of detection of E.
coli (Table 1) were set to 0.5 MPN, and those above the limit
of quantiﬁcation were set to 2420 MPN. Samples were
considered positive for qPCR targets if at least one of three
replicates ampliﬁed, even if ampliﬁcation was below the limit of
quantiﬁcation (BLOQ). The limit of quantiﬁcation (LOQ)
was 10 gene copies (the lowest point on the pooled standard
curve). The limit of detection (LOD) was determined based
on the lowest gene copy that ampliﬁed in at least one of three
replicates in each sample type. Samples below the limit of
detection (BLOD) of BacCow were assigned half the LOD,
and samples below the LOQ were assigned the midpoint
between the LOD and LOQ. The LOD of BacCow was 285
gene copies (gc)/2 hands, 8.1−40.5 gc/100 mL stored water
(depending on the volume of water ﬁltered), and 130−244 gc/
g dry soil weight (depending on the soil moisture content)
(Table 1). The LOQ of BacCow was 2500 gc/2 hands, 100−
500 gc/100 mL stored water, and 2000−3760 gc/g dry soil
weight. No samples were above the upper limit of
quantiﬁcation for BacCow (deﬁned by the highest point on
the pooled standard curve).
Most samples did not amplify within the quantiﬁable range
for norovirus GII, G. lamblia, and HumM2 (LOD reported in
SI). For binary statistical analyses on pathogen/source tracker
marker presence as the dependent variable, all samples with
positive lab, extraction, or archiving blanks were omitted from
the analysis according to the date processed and lab technician.
For BacCow, the blanks that ampliﬁed were BLOQ; samples
that ampliﬁed in the same region (BLOQ) were treated as
BLOD. Additional details on positive blanks and limits of
detection are available in the SI.
Data were analyzed using R (version 3.5.0).43 The
association between indicators and pathogens was assessed
using generalized linear models, with a Poisson distribution
and log link to estimate prevalence ratios. Robust standard
errors were used to account for the trial’s clustered study
design.29 Analyses for pathogenic E. coli were conducted for
genes individually and for the presence of any of the seven
genes detected (any ECVG). Co-occurring genes (SI Table
S7) were not accounted for in our linear models. The input
values for E. coli and BacCow concentrations were log10-
transformed. Adjusted models controlled for the eﬀects of
month of sample collection and study arm. Conditional
probabilities (positive predictive value (PPV), negative
predictive value (NPV), sensitivity, and speciﬁcity) to assess
the ability of indicators to correctly predict pathogen gene
presence were calculated for binary data and for continuous
data by binning continuous data at a speciﬁed cutoﬀ point (SI
Figure S1). We investigated threshold trends in stored water
associated with the WHO water quality guidelines by
evaluating PPV, NPV, sensitivity, and speciﬁcity of pathogen
presence and indicator E. coli concentrations above cutoﬀ
values.
The association between the presence of animal fecal piles
within the compound courtyard and presence of pathogens
was also assessed using generalized linear models with a
Poisson distribution, a log link, and robust standard errors. We
Table 1. Units, Limits of Detection, and Mean Concentrations in Hand Rinse, Stored Water, and Soil Samples
child hands mother hands stored water soil
sample matrix unit 2 hands 2 hands 100 mL 1 g dry weight
E. coli lower limit of detectiona 5 5 1 1000−1880d
E. coli upper limit of detectiona 12 098 12 098 2420 2.42 × 106 ̵ 4.55 × 106d
n < lower limit of detection 100 183 93 39
n > upper limit of detection 7 17 26 97
log10 mean (stdev) concentration of E. coli
a 1.38 (0.92) 1.47 (1.02) 1.15 (1.05) 5.14 (1.06)
BacCow lower limit of detectionb 285 285 8.1−40.5c 130−244d
BacCow lower limit of quantiﬁcationb 2500 2500 100−500c 2000−3760d
n < lower limit of detection 25 9 242 97
n < lower limit of quantiﬁcation 218 79 414 281
log10 mean (stdev) concentration BacCow
b 3.84 (0.87) 3.67 (0.85) 1.25 (0.64) 3.34 (1.26)
aIn units of MPN/sample matrix. bIn units of gene copies/sample matrix. cCorresponds to volumes of 100 and 500 mL ﬁltered. dCorresponds to
soil moisture contents ranging from 0 to 88%.
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assessed the association by binning animal feces into two
categories for each animal fecal type. For cow feces, goat/
sheep, cow patty, and nonpoultry birds the prevalence ratio
represents the prevalence of pathogen genes in households
with any visible fecal piles (>0) compared to those with no
fecal piles. For chicken/nonchicken poultry feces the
prevalence ratio represents the prevalence of pathogen genes
in households with >5 fecal piles compared to those with ≤5
fecal piles. Cow patties for cooking were diﬀerentiated from
cow feces because they were formed into cakes and dried in the
sun. Exposures (feces of diﬀerent animals) were screened
against outcomes (pathogen genes) in bivariate models, and
those with a p-value < 0.2 were included in the ﬁnal
multivariable model. Therefore, models adjusted for the
presence of other feces types in the same household if these
were associated with the outcome pathogen gene in a bivariate
model at the p-value < 0.2 level. Final models also controlled
for the month of sample collection. We corrected for multiple
comparisons (i.e., the same pathogen evaluated in four sample
types) using a Bonferroni correction.44
Ethics. Participants provided written informed consent. The
study protocol was approved by human subjects committees at
the icddr,b (PR-11063), University of California, Berkeley
(2011−09−3652), and Stanford University (25863).
■ RESULTS AND DISCUSSION
Presence of Pathogen Genes and Indicators. Cultur-
able E. coli were detected in 95% of soil, 88% of stored water,
75% of mother hands, and 73% of child hands (Table 2).
Culturable E. coli were the most commonly detected indicator
in soil and stored water followed by BacCow and HumM2. On
hands, BacCow was detected most frequently (98% of child
hands and 96% of mother hands) followed by E. coli (see
above) and HumM2 (22% of child hands and 18% of mother
hands).
Of the 360 child hand and 720 mother hand samples, 32% of
child and 22% of mother hand samples were positive for at
least one E. coli virulence gene (ECVG), the most common
being stx1/2 (15% of child and 8% of mother hand samples)
(Table 2). Stx1/2 were also the most abundant genes in stored
water (16%), whereas eaeA was the most frequently detected
ECVG in soil (38%). More than half (60%) of soil samples
contained at least one ECVG. Across all sample types, few
(≈1%) were positive for ipaH. Norovirus and Giardia genes
were found in <5% of mother hand and child hand samples. As
mentioned previously, we detected few positive samples for the
Cryptosporidium spp. gene in our initial testing of 100 samples
and thus did not assay the remainder of the samples. The
Cryptosporidium spp. gene was inhibited in soil (see SI), which
could have impacted our ability to detect the gene in this
sample type.
The concentrations of E. coli detected on hands, in stored
water, and in soil were similar to those in previously published
WASH Beneﬁts studies.32,45 However, the concentration of E.
coli in soil was signiﬁcantly higher than soil in Tanzania, a non-
WASH Beneﬁts study in Bangladesh, and in Zimbabwe.34,46,47
Variation in E.coli concentration could be due to diﬀerences
between the study contexts and sampling season, and
diﬀerences between enumeration methods could also play a
role (all WASH Beneﬁts studies used the same IDEXX
Colilert-18 method, whereas other studies used membrane
ﬁltration and plating). The prevalence of BacCow in this study
was slightly higher than was found on hands and in stored
water in rural India.48 In a diﬀerent study in urban Kenya,
Table 2. Percentage of Hand Rinse, Stored Water, and Soil Samples Positive for Culturable E. coli, Microbial Source Tracking
Markers, Norovirus GII, Giardia lamblia, and E. coli Virulence Genes
percent positive percent positive
Child Hands (N = 311−373)a Mother Hands (N = 603−738)a
culturable E. coli 73.2 culturable E. coli 75.2
BacCow 97.5 BacCow 96.5
HumM2 21.9 HumM2 18.0
norovirus GII 4.2 norovirus GII 3.1
Giardia lamblia 4.8 Giardia lamblia 2.3
any E. coli virulence gene 32.4 any E. coli virulence gene 22.1
stx1/stx2 (STECb) 15.1 stx1/stx2 (STEC) 8.3
eaeA (EPECc/EHECd) 11.4 eaeA (EPEC/EHEC) 7.7
aggR (EAECe) 11.8 aggR (EAEC) 7.7
st1b/lt1 (ETECf) 8.7 st1b/lt1 (ETEC) 4.0
ipaH (EIECg) 0.3 ipaH (EIEC) 0.8
Stored Water (N = 652−742)a Soil (N = 644−755)a
culturable E. coli 87.5 culturable E. coli 94.8
BacCow 66.6 BacCow 86.8
HumM2 2.6 HumM2 20.2
any E. coli virulence gene 37.0 any E. coli virulence gene 60.3
stx1/stx2 (STEC) 16.6 stx1/stx2 (STEC) 24.8
eaeA (EPEC/EHEC) 14.9 eaeA (EPEC/EHEC) 37.7
aggR (EAEC) 11.0 aggR (EAEC) 15.9
st1b/lt1 (ETEC) 8.6 st1b/lt1 (ETEC) 15.3
ipaH (EIEC) 1.2 ipaH (EIEC) 1.2
aSample sizes vary due to the omission of samples corresponding to positive processing blanks. bSTEC: Shiga toxin- producing E. coli. cEPEC:
Enteropathogenic E. coli. dEHEC: Enterohemorrhagic E. coli. eEAEC: Enteroaggregative E. coli. fETEC: Enterotoxigenic E. coli. gEIEC:
Enteroinvasive E. coli.
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protozoa were much more prevalent (Cryptosporidium: 67%
and Giardia: 18%) in soil in public areas than protozoa in our
study.49 The occurrence of pathogenic E. coli genes in soil was
similar in Bangladesh and Kenya, except for the stx1/2 genes.
25% of soil samples were positive for stx1/2 in this study and
less than 2% of soil were STEC positive in Kenya. Overall, it is
noteworthy that both studies provide evidence of widespread
presence of pathogenic E. coli in environmental reservoirs.
Our detection methods for indicators and pathogen genes
have some limitations. First, the sampling unit was diﬀerent for
hand rinses, stored water, and soil samples, limiting the ability
to compare the relative percentage of pathogens in diﬀerent
environmental reservoirs. The binary data on pathogen
presence and concentrations of BacCow in stored water and
soil are inﬂuenced by diﬀerent sampling volumes of stored
water and varying moisture content in soil. Looking at the
ECVGs detected, some, such as eaeA, are common to both
EPEC and EHEC, whereas ipaH is common to both EIEC and
Shigella.20,50 Although ipaH is present in both EIEC and
Shigella, IDEXX Colilert-18 has been shown to be selective for
E. coli.51,52 The prevalence ratios measuring the association
between both stx1/2 and eaeA genes and both E. coli and
BacCow exhibited similar trends (Figure 2a and b), which
could be due to the co-occurrence of stx1/2 and eaeA genes in
EHEC, or due to co-occurrence of diﬀerent bacteria in the
same samples with these genes (e.g., EPEC and STEC). Co-
occurring eaeA and stx1/2 genes were found in 2−5% of hand
and water samples and 14% of soil samples (SI Table S7). It
should also be noted that there is a potential for false positives
in detection of E. coli genes using PCR and gel electrophoresis,
as we did not use conﬁrmation by gene probe or sequencing.
Lastly, the presence of PCR targeted genes for norovirus and
Giardia does not indicate the presence of infectious organisms.
E. coli virulence genes likely originated from viable E. coli, due
to the IDEXX culturing step, similar to enrichment PCR. For
Giardia and norovirus, our methods capture the presence of
genetic material, and our results could, therefore, overestimate
the potential for infection with Giardia and norovirus.
Indicator E. coli and Pathogen Genes. The concen-
tration of indicator E. coli across all samples types was
signiﬁcantly associated with the prevalence of eaeA, aggR, stx1/
2, and st1b/lt1 (Figure 2a and SI Table S8). The detection of
ECVGs increased 86% (prevalence ratio [PR]: 1.86 (95%
CI:1.65−2.11), p < 0.001) on child hands, 93% (PR: 1.93
(1.75−2.12), p < 0.001) on mother hands, 64% (PR: 1.64
(1.54−1.74), p < 0.001) in stored water, and 55% (PR: 1.55
(1.45−1.65), p < 0.001) in soil with every log10 increase in E.
coli concentration. A log10 increase in the concentration of E.
Figure 2. Prevalence ratios and 95% conﬁdence intervals indicating the average increase in prevalence of norovirus GII, Giardia lamblia, and E. coli
virulence genes for a 1 log10 increase in (a). MPN E. coli/sample matrix and (b) gene copies of BacCow/sample matrix. ◆ indicates too few
samples were positive to model. Pathogens and virulence genes associated with human or human and animal sources are underlined in blue and
orange, respectively. CH: child hands, MH: mother hands, SW: stored water, S: soil. ECVG: E. coli virulence gene, EHEC: Enterohemorrhagic E.
coli, EPEC: Enteropathogenic E. coli, EAEC: Enteroaggregative E. coli, STEC: Shiga toxin-producing E. coli, ETEC: Enterotoxigenic E. coli, EIEC:
Enteroinvasive E. coli.
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coli was associated with a doubling of the prevalence of eaeA in
all sample types: child hands (PR: 2.11 (1.68−2.64), p <
0.001); mother hands (PR: 2.14 (1.79−2.56), p < 0.001);
stored water (PR: 2.02 (1.76−2.31), p < 0.001); soil (PR: 1.93
(1.74−2.15), p < 0.001). A similar magnitude of association
was observed between aggR, stx1/2, and st1b/lt1 and indicator
E. coli concentration (Figure 2a). However, no statistically
signiﬁcant association was observed between the prevalence of
ipaH and E. coli concentration in any sample type. Similarly,
there were no statistically signiﬁcant associations between the
prevalence of norovirus GII or Giardiagenes and the
concentration of indicator E. coli.
Our results conﬁrm that higher concentrations of E. coli, as
detected by Colilert-18, are correlated with a higher prevalence
of pathogenic E. coli genes. Our ﬁndings are consistent with
previous studies that found higher concentrations of indicator
E. coli were correlated with more ECVGs on mother hands,
and in stored and source water in Tanzania.37,53 Unlike the
Tanzania study, we did not ﬁnd a signiﬁcant association
between concentration of E. coli and ipaH in stored water.
However, the study in Tanzania reported a higher prevalence
of ipaH (32%) in stored water compared to 1% in our study.
There are several reasons why concentrations of indicator E.
coli and pathogenic E. coli might not be correlated. Studies
have identiﬁed “naturalized” E. coli in tropical environments; if
these naturalized strains are nonpathogenic and are a
signiﬁcant contributor to the E. coli measured in a sample,
then we would not expect a relationship between indicator and
pathogenic E. coli.54−57 Also, studies have elucidated
physiological diﬀerences between strains of E. coli sourced
from diﬀerent environments, including pathogenic strains, that
impact survival and transport in the environment.58−60 Thus, it
is meaningful that E. coli concentrations provided quantitative
information on the presence of pathogenic E. coli in diﬀerent
household reservoirs, when cultured using IDEXX Colilert-18.
It should be noted that we did not measure genes from other
bacterial pathogens to explicitly assess the ability of indicator E.
coli to predict the presence of non-E. coli bacterial pathogens;
each bacterial pathogen may vary in its transport and survival
in the environment.
The bacterial indicator E. coli was not a good indicator of
norovirus or the protozoan Giardia. This could be due to
diﬀerences in organism structure that dictate fate and survival
in the environment.61 Bacteria, viruses, and protozoa respond
diﬀerently to environmental conditions such as desiccation or
sunlight exposure, and only bacteria have the capacity to grow
in the environment and become naturalized.61,62 With regards
to source tracking, the norovirus gene and E. coli were not
correlated. This may be because norovirus only infects
humans, whereas indicator E. coli are present in both humans
and animal feces.26,32 However, Giardia can infect both
humans and animals, making this lack of association notable.25
The positive predictive value for the presence of ECVGs
increased from 45% (95% CI: 41−49%) using >1 MPN/100
mL as the cutoﬀ for E. coli concentration to 65% (58−72%)
using >100 MPN/100 mL as the cutoﬀ (SI Table S9). While
the likelihood of detecting pathogen genes increased at higher
cutoﬀ concentrations of indicator E. coli, the number of
samples below the cutoﬀ that were positive for pathogen genes
also increased (decreased sensitivity, more false negatives).
Overall, these ﬁndings are consistent with the results of the
generalized linear model and suggest that higher concen-
trations of indicator E. coli are associated with an increase in
the presence of pathogenic E. coli genes. We demonstrate that
indicator E. coli is an appropriate indicator of exposure to
pathogenic E. coli in rural Bangladesh, when cultured using
IDEXX Colilert-18. These results are also consistent with
previous work that found increased concentrations of indicator
E. coli in drinking water were associated with increased
prevalence of child diarrhea.63,64 Interestingly, in another
WASH Beneﬁts study, the concentration of indicator E. coli on
child hands, and not in stored water, was associated with
diarrheal incidence.65 It is important to note that the
association between indicator E. coli in soil and child diarrhea
remains unclear, and it is diﬃcult to extend conclusions about
relationships found for drinking water and hands to soil,
because soil does not undergo treatment (in the case of treated
drinking water) or washing (in the case of hands), and contains
its own complex microbial community which may include
naturalized E. coli.
Human Fecal Marker and Pathogen Genes. There
were no statistically signiﬁcant relationships between the
presence of the human fecal marker, HumM2, and any
pathogen genetic marker on child hands, mother hands, or in
stored water (SI Figure S2 and Table S10).
The human marker was not a good predictor of enteric
pathogen genes in hand rinses as indicated by the PPV (SI
Table S11). On mother and child hands there was only a 28%
(95% CI: 18−39%) and 24% (17−32%) chance of observing
any ECVG when HumM2 was present. The likelihood of
detecting ECVGs when the human fecal marker was present
was higher in stored water, 50% (26−75%) and soil, 61% (53−
70%). Negative predictive values for many of the ECVGs were
highest for mother hands. High NPVs indicate there was a low
probability of ECVGs in the absence of HumM2. Therefore,
HumM2 could be considered a somewhat conservative
indicator of enteric pathogens on mother and child hands in
the rural Bangladeshi environment.
There was no association between HumM2 and the
norovirus gene. Norovirus infection is speciﬁc to human
hosts; therefore, we would expect the human marker and
norovirus to co-occur. On child hands we observed a
prevalence ratio of 1.26 (0.36−4.41, p = 0.72) and PPV of
5% (0−10%). However, the number of samples positive for
norovirus (4%) was low, leading to an imprecise estimate of
prevalence ratio and low PPV. We would need an even larger
sample size to adequately test the relationship between
HumM2 and norovirus, given the low prevalence. There
have been mixed results in previous literature about the
association between human-associated microbial source-
tracking markers and human-associated viruses. In coastal
waters, both a positive association and no association have
been reported.66,67 In our study, it is also possible that we did
not observe an association between norovirus and HumM2
due to the low host-speciﬁcity of the HumM2 assay (75%
speciﬁc to human feces) in rural Bangladesh.36
Animal Feces and Pathogen Genes. There was a
statistically signiﬁcant increase in the prevalence of the Giardia
lamblia gene (PR: 2.26 (1.50−3.40), p < 0.001), any ECVG
(PR: 1.37 (1.16−1.62), p < 0.001), eaeA (PR: 1.63 (1.20−
2.22), p < 0.001), and stx1/2 (PR: 1.79 (1.32−2.43), p <
0.001) with every log10 increase in the concentration of the
animal fecal marker (BacCow) on mother hands (Figure 2b
andSI Table S12).
We observed increases in the prevalence of many pathogen
genes with an increase in the number of fecal piles from
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animals found in the courtyard of study households (Figure 3
and SI Table S13). However, only the association between the
prevalence of eaeA on mother’s hands in households with
observed cow patties compared to those with no cow patties
was signiﬁcant in the adjusted model and after correcting for
multiple comparisons (PR: 2.82 (1.54−5.17), p < 0.001).
Because eaeA is known to occur in E. coli from animal hosts,
this association is expected. However, it should also be noted
that the association between BacCow and ipaH in soil (PR:1.5
(1.04−2.16), p = 0.03) and between norovirus and increased
number of cow feces, chicken feces, and cow patties on mother
hands were trending toward signiﬁcance, and that norovirus
and EIEC are human associated, suggesting there may be other
factors that impact these relationships.
On mothers’ hands, both higher concentration of animal
fecal marker (BacCow) and greater number of feces in
household courtyards were positive predictors of zoonotic
pathogen genes. We found the most signiﬁcant association
between BacCow and pathogenic genes eaeA, stx1/2, and the
Giardia gene, which indicate the presence of EPEC or EHEC
(eaeA), STEC (stx1/2), and Giardia lamblia. EPEC, STEC, and
Giardia lamblia have been found in animal reservoirs and can
be transmitted in the environment through animal feces.8 In
the fecal pile analysis, eaeA was most associated with cow
patties on mother hands. These ﬁndings are consistent with a
previous study in Bangladesh that found the presence of
animals and animal feces were associated with increased
concentrations of indicator E. coli in household reservoirs, but
the most signiﬁcant associations were evident in soil, in
contrast to mother hands in this study.32 In urban Kenya, the
presence of domestic animals (speciﬁcally chicken, cattle,
goats, and sheep) was associated with increased pathogen
Figure 3. Adjusted prevalence ratios and 95% conﬁdence intervals indicating the prevalence of norovirus GII, Giardia lamblia, and E. coli virulence
genes in households with fecal piles or cow patties above and below a threshold value. For cow, goat/sheep, and nonpoultry birds, the threshold
value was zero. For chicken/nonchicken poultry the threshold value was 5 (>5 versus ≤5). Feces types with a p-value < 0.2 in bivariate models
between outcomes and exposures were included in the adjusted models (models adjusted for the presence of other feces types in households if
these were associated with the outcome pathogen in a bivariate model at p-value < 0.2). Pathogens and virulence genes associated with human or
human and animal sources are underlined in blue and orange, respectively. Prevalence ratios for EIEC were omitted due to their large conﬁdence
intervals. CH: child hands, MH: mother hands, SW: stored water, S: soil. ECVG: E. coli virulence gene, EHEC: enterohemorrhagic E. coli, EPEC:
enteropathogenic E. coli, EAEC: enteroaggregative E. coli, STEC: Shiga toxin-producing E. coli, ETEC: enterotoxigenic E. coli, EIEC: enteroinvasive
E. coli.
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diversity in public domains but not with increased concen-
trations of the indicator bacteria, enterococci.49 In our study, the
animal molecular marker and the fecal pile survey ﬁndings
suggest speciﬁc sources for these pathogens in the environ-
ment. Particularly, cow patties are candidates for the source of
EPEC/EHEC, which can ultimately make their way to hands
when mothers handle animal feces. While 69% of households
reported using tools to clean up feces, 34% reported using their
hands, cloth, or scraps for animal feces removal (SI Table S14).
Additionally, cow patties are used for cooking fuel which
results in caregivers frequently switching between food
handling and handling dung patties as they cook.68 Based on
these household practices, it is possible mothers are both
picking up animal feces and handling their children, which can
provide an opportunity for transmission of zoonotic pathogens
to children.
In areas with high fecal contamination, such as rural
Bangladesh, it is important to not only measure indicator
organisms, but also assess the performance of these indicators
to monitor for pathogens. In rural Bangladeshi households, the
concentration of culturable E. coli was a useful indicator for the
presence of pathogenic E. coli, despite the potential presence of
naturalized E. coli which can compound the relationship
between indicator E. coli and pathogens in environmental
reservoirs (SI Figure S3). Conversely, culturable E. coli were
not an eﬀective indicator for the presence of norovirus or
Giardia, two nonbacterial pathogens. The human marker
(HumM2) was a poor indicator for the presence of pathogen
genes, including those known to originate from humans, but
these relationships could be impacted by the low host-
speciﬁcity of HumM2 in the rural Bangladeshi setting. The
animal fecal marker (BacCow) was indicative of the presence
of animal-associated pathogen genes on mother hands, but not
in other household reservoirs. Of the potential sources of
zoonotic pathogens, assessed using household surveys, cow
patties could be a source of the EPEC/EHEC associated gene
(eaeA) on mother hands. It is plausible that signiﬁcant
associations between animal fecal contamination and pathogen
genes were found on mother hands and not in other reservoirs
due to the domestic duties of caretakers such as cleaning
household ﬂoors. We provide evidence that animals could be
important contributors to enteric pathogens in the rural
household environment, and therefore, greater animal fecal
containment may be needed to reduce the transmission of
zoonotic pathogens.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.8b07192.
Details on molecular methods, generalized linear model
results, conditional probability results, and a summary
ﬁgure (PDF)
■ AUTHOR INFORMATION
Corresponding Author
*E-mail: karanelson@berkeley.edu.
ORCID
Erica R. Fuhrmeister: 0000-0001-5264-7533
Ayse Ercumen: 0000-0001-6002-1514
Amy J. Pickering: 0000-0001-6193-2221
Alexandria B. Boehm: 0000-0002-8162-5090
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
The research was supported by Grant R01HD078912 from the
NIH and in part by Grant 0PPGD759 from the Bill & Melinda
Gates Foundation to the University of California, Berkeley.
This material is based upon work supported by the National
Science Foundation Graduate Research Fellowship under
Grant No. (DGE 1106400 and DGE 1752814).
■ REFERENCES
(1) GBD. 2015 Mortality and Causes of Death Collaborators.
Global, Regional, and National Life Expectancy, All-Cause Mortality,
and Cause-Speciﬁc Mortality for 249 Causes of Death, 1980−2015: A
Systematic Analysis for the Global Burden of Disease Study 2015.
Lancet 2016, 388 (10053), 1459−1544.
(2) Unicef. Committing to Child Survival: A Promise Renewed.
Progress Report 2014, 2014.
(3) Wagner, E. G.; Lanoix, J. N. Excreta Disposal for Rural Areas and
Small Communities, 1958; Vol. 39.
(4) Penakalapati, G.; Swarthout, J.; Delahoy, M. J.; McAliley, L.;
Wodnik, B.; Levy, K.; Freeman, M. C. Exposure to Animal Feces and
Human Health: A Systematic Review and Proposed Research
Priorities. Environ. Sci. Technol. 2017, 51 (20), 11537−11552.
(5) Zambrano, L. D.; Levy, K.; Menezes, N. P.; Freeman, M. C.
Human Diarrhea Infections Associated with Domestic Animal
Husbandry: A Systematic Review and Meta-Analysis. Trans. R. Soc.
Trop. Med. Hyg. 2014, 108 (6), 313−325.
(6) Roess, A. A.; Winch, P. J.; Ali, N. A.; Akhter, A.; Afroz, D.; El
Arifeen, S.; Darmstadt, G. L.; Baqui, A. H. Animal Husbandry
Practices in Rural Bangladesh: Potential Risk Factors for Antimicro-
bial Drug Resistance and Emerging Diseases. Am. J. Trop. Med. Hyg.
2013, 89 (5), 965−970.
(7) Kotloff, K. L.; Nataro, J. P.; Blackwelder, W. C.; Nasrin, D.;
Farag, T. H.; Panchalingam, S.; Wu, Y.; Sow, S. O.; Sur, D.; Breiman,
R. F.; Faruque, A. S.; Zaidi, A. K.; Saha, D.; Alonso, P. L.; Tamboura,
B.; Sanogo, D.; Onwuchekwa, U.; Manna, B.; Ramamurthy, T.;
Kanungo, S.; Ochieng, J. B.; Omore, R.; Oundo, J. O.; Hossain, A.;
Das, S. K.; Ahmed, S.; Qureshi, S.; Quadri, F.; Adegbola, R. A.;
Antonio, M.; Hossain, M. J.; Akinsola, A.; Mandomando, I.;
Nhampossa, T.; Acacio, S.; Biswas, K.; O’Reilly, C. E.; Mintz, E.
D.; Berkeley, L. Y.; Muhsen, K.; Sommerfelt, H.; Robins-Browne, R.
M.; Levine, M. M. Burden and Aetiology of Diarrhoeal Disease in
Infants and Young Children in Developing Countries (the Global
Enteric Multicenter Study, GEMS): A Prospective, Case-Control
Study. Lancet 2013, 382 (9888), 209−222.
(8) Delahoy, M. J.; Wodnik, B.; McAliley, L.; Penakalapati, G.;
Swarthout, J.; Freeman, M. C.; Levy, K. Pathogens Transmitted in
Animal Feces in Low- and Middle-Income Countries. Int. J. Hyg.
Environ. Health 2018, 221 (4), 661−676.
(9) Leclerc, H.; Mossel, D. A. A.; Edberg, S. C.; Struijk, C. B.
Advances in the Bacteriology of the Coliform Group: Their Suitability
as Markers of Microbial Water Safety. Annu. Rev. Microbiol. 2001, 55,
201−234.
(10) World Health Organization. Guidelines for Drinking-Water
Quality, 3rd ed.; WHO Press: Geneva, 2008.
(11) Harwood, V. J.; Staley, C.; Badgley, B. D.; Borges, K.; Korajkic,
A. Microbial Source Tracking Markers for Detection of Fecal
Contamination in Environmental Waters: Relationships between
Pathogens and Human Health Outcomes. FEMS Microbiol. Rev. 2014,
38 (1), 1−40.
(12) Wu, J.; Long, S. C.; Das, D.; Dorner, S. M. Are Microbial
Indicators and Pathogens Correlated? A Statistical Analysis of 40
Years of Research. J. Water Health 2011, 9 (2), 265−278.
(13) Wang, Y.; Moe, C. L.; Null, C.; Raj, S. J.; Baker, K. K.; Robb, K.
A.; Yakubu, H.; Ampofo, J. A.; Wellington, N.; Freeman, M. C.;
Armah, G.; Reese, H. E.; Peprah, D.; Teunis, P. F. M. Multipathway
Environmental Science & Technology Article
DOI: 10.1021/acs.est.8b07192
Environ. Sci. Technol. 2019, 53, 10023−10033
10031
Quantitative Assessment of Exposure to Fecal Contamination for
Young Children in Low-Income Urban Environments in Accra,
Ghana: The SaniPath Analytical Approach. Am. J. Trop. Med. Hyg.
2017, 97 (4), 1009−1019.
(14) Robb, K.; Null, C.; Teunis, P.; Yakubu, H.; Armah, G.; Moe, C.
L. Assessment of Fecal Exposure Pathways in Low-Income Urban
Neighborhoods in Accra, Ghana: Rationale, Design, Methods, and
Key Findings of the SaniPath Study. Am. J. Trop. Med. Hyg. 2017, 97
(4), 1020−1032.
(15) Ryan, U.; Fayer, R.; Xiao, L. Cryptosporidium Species in
Humans and Animals: Current Understanding and Research Needs.
Parasitology 2014, 141 (13), 1667−1685.
(16) Daniels, M. E.; Shrivastava, A.; Smith, W. A.; Sahu, P.; Odagiri,
M.; Misra, P. R.; Panigrahi, P.; Suar, M.; Clasen, T.; Jenkins, M. W.
Cryptosporidium and Giardia in Humans, Domestic Animals, and
Village Water Sources in Rural India. Am. J. Trop. Med. Hyg. 2015, 93
(3), 596−600.
(17) Croxen, M. A.; Law, R. J.; Scholz, R.; Keeney, K. M.;
Wlodarska, M.; Finlay, B. B. Recent Advances in Understanding
Enteric Pathogenic Escherichia Coli. Clin. Microbiol. Rev. 2013, 26
(4), 822−880.
(18) Vasco, K.; Graham, J. P.; Trueba, G. Detection of Zoonotic
Enteropathogens in Children and Domestic Animals in a Semirural
Community in Ecuador. Appl. Environ. Microbiol. 2016, 82 (14),
4218−4224.
(19) Blanco, M.; Blanco, J. E.; Dahbi, G.; Alonso, M. P.; Mora, A.;
Coira, M. A.; Madrid, C.; Juarez, A.; Bernardez, M. I.; Gonzalez, E. A.;
Blanco, J. Identification of Two New Intimin Types in Atypical
Enteropathogenic Escherichia coli. Int. Microbiol. 2006, 9 (2), 103−
110.
(20) Omar, K. B.; Potgieter, N.; Barnard, T. G. Development of a
Rapid Screening Method for the Detection of Pathogenic Escherichia
Coli Using a Combination of Colilert Quanti-Trays/2000 and PCR.
Water Sci. Technol.: Water Supply 2010, 10 (1), 7−13.
(21) Vidal, R. M.; Chamorro, N. L.; Giron, J. A. Enterotoxigenic
Escherichia coli. In Escherichia coli in the Americas; Torres, A., Ed.;
Springer International Publishing: Cham, 2016; pp 1−26.
(22) Etcheverria, A. I.; Lucchesi, P. M. A.; Kruger, A.; Bentancor, A.
B.; Padola, N. L. Escherichia Coli in Animals. In Escherichia coli in the
Americas; Torres, A., Ed.; Springer International Publishing: Cham,
2016; pp 149−172.
(23) Pathogenesis of Bacterial Infections in Animals, 3rd ed.; Gyles, C.
L., Prescott, J. F., Songer, G. J., Theon, C. O., Eds.; Blackwell
Publishing, 2010.
(24) Singh, G.; Vajpayee, P.; Ram, S.; Shanker, R. Environmental
Reservoirs for Enterotoxigenic Escherichia Coli in South Asian
Gangetic Riverine System. Environ. Sci. Technol. 2010, 44 (16), 6475−
6480.
(25) Feng, Y.; Xiao, L. Zoonotic Potential and Molecular
Epidemiology of Giardia Species and Giardiasis. Clin. Microbiol. Rev.
2011, 24 (1), 110−140.
(26) de Graaf, M.; van Beek, J.; Koopmans, M. P. G. Human
Norovirus Transmission and Evolution in a Changing World. Nat.
Rev. Microbiol. 2016, 14 (7), 421−433.
(27) Uber, A. P.; Trabulsi, L. R.; Irino, K.; Beutin, L.; Ghilardi, A. C.
R.; Gomes, T. A. T.; Liberatore, A. M. A.; Castro, A. F. P.; Elias, W. P.
Enteroaggregative Escherichia Coli from Humans and Animals Differ
in Major Phenotypical Traits and Virulence Genes. FEMS Microbiol.
Lett. 2006, 256 (2), 251−257.
(28) Okhuysen, P. C.; Dupont, H. L. Enteroaggregative Escherichia
Coli (EAEC): A Cause of Acute and Persistent Diarrhea of
Worldwide Importance. J. Infect. Dis. 2010, 202 (4), 503−505.
(29) Luby, S. P.; Rahman, M.; Arnold, B. F.; Unicomb, L.; Ashraf, S.;
Winch, P. J.; Stewart, C. P.; Begum, F.; Hussain, F.; Benjamin-Chung,
J.; Leontsini, E.; Naser, A. M.; Parvez, S. M.; Hubbard, A. E.; Lin, A.;
Nizame, F. A.; Jannat, K.; Ercumen, A.; Ram, P. K.; Das, K. K.;
Abedin, J.; Clasen, T. F.; Dewey, K. G.; Fernald, L. C.; Null, C.;
Ahmed, T.; Colford, J. M. Effects of Water Quality, Sanitation,
Handwashing, and Nutritional Interventions on Diarrhoea and Child
Growth in Rural Bangladesh: A Cluster Randomised Controlled Trial.
Lancet. Glob. Heal. 2018, 6 (3), e302−e315.
(30) Arnold, B. F.; Null, C.; Luby, S. P.; Unicomb, L.; Stewart, C. P.;
Dewey, K. G.; Ahmed, T.; Ashraf, S.; Christensen, G.; Clasen, T.;
Dentz, H. N.; Fernald, L. C. H.; Haque, R.; Hubbard, A. E.; Kariger,
P.; Leontsini, E.; Lin, A.; Njenga, S. M.; Pickering, A. J.; Ram, P. K.;
Tofail, F.; Winch, P. J.; Colford, J. M. Cluster-Randomised Controlled
Trials of Individual and Combined Water, Sanitation, Hygiene and
Nutritional Interventions in Rural Bangladesh and Kenya: The WASH
Benefits Study Design and Rationale. BMJ. Open 2013, 3 (8),
No. e003476.
(31) Fuhrmeister, E. R.; Ercumen, A.; Pickering, A. J.; Jeanis, K. M.;
Crider, Y.; Ahmed, M.; Brown, S.; Alam, M.; Sen, D.; Islam, S.; Kabir,
M. H.; Islam, M.; Rahman, M.; Kwong, L. H.; Arnold, B. F.; Luby, S.
P.; Colford, J. M., Jr.; Nelson, K. L. Eﬀect of Sanitation Improvments
on Pathogens and Microbial Source Tracking Markers in the Rural
Bangladeshi Household Environment, submitted.
(32) Ercumen, A.; Pickering, A. J.; Kwong, L. H.; Arnold, B. F.;
Parvez, S. M.; Alam, M.; Sen, D.; Islam, S.; Kullmann, C.; Chase, C.;
Ahmed, R.; Unicomb, L.; Luby, S. P.; Colford, J. M. Animal Feces
Contribute to Domestic Fecal Contamination: Evidence from E. Coli
Measured in Water, Hands, Food, Flies, and Soil in Bangladesh.
Environ. Sci. Technol. 2017, 51 (15), 8725−8734.
(33) Yakub, G. P.; Castric, D. A.; Stadterman-Knauer, K. L.; Tobin,
M. J.; Blazina, M.; Heineman, T. N.; Yee, G. Y.; Frazier, L. Evaluation
of Colilert and Enterolert Defined Substrate Methodology for
Wastewater Applications. Water Environ. Res. 2002, 74 (2), 131−135.
(34) Pickering, A. J.; Julian, T. R.; Marks, S. J.; Mattioli, M. C.;
Boehm, A. B.; Schwab, K. J.; Davis, J. Fecal Contamination and
Diarrheal Pathogens on Surfaces and in Soils among Tanzanian
Households with and without Improved Sanitation. Environ. Sci.
Technol. 2012, 46 (11), 5736−5743.
(35) Victoria, M.; Guimaraes, F.; Fumian, T.; Ferreira, F.; Vieira, C.;
Leite, J. P.; Miagostovich, M. Evaluation of an Adsorption-Elution
Method for Detection of Astrovirus and Norovirus in Environmental
Waters. J. Virol. Methods 2009, 156 (1−2), 73−76.
(36) Boehm, A. B.; Wang, D.; Ercumen, A.; Shea, M.; Harris, A. R.;
Shanks, O. C.; Kelty, C.; Ahmed, A.; Mahmud, Z. H.; Arnold, B. F.;
Chase, C.; Kullmann, C.; Colford, J. M.; Luby, S. P.; Pickering, A. J.
Occurrence of Host-Associated Fecal Markers on Child Hands,
Household Soil, and Drinking Water in Rural Bangladeshi House-
holds. Environ. Sci. Technol. Lett. 2016, 3 (11), 393−398.
(37) Mattioli, M. C.; Pickering, A. J.; Gilsdorf, R. J.; Davis, J.;
Boehm, A. B. Hands and Water as Vectors of Diarrheal Pathogens in
Bagamoyo, Tanzania. Environ. Sci. Technol. 2013, 47 (1), 355−363.
(38) Shanks, O. C.; Kelty, C. A.; Sivaganesan, M.; Varma, M.;
Haugland, R. A. Quantitative PCR for Genetic Markers of Human
Fecal Pollution. Appl. Environ. Microbiol. 2009, 75 (17), 5507−5513.
(39) Shanks, O. C.; Domingo, J. W. S.; Lu, J.; Kelty, C. A.; Graham,
J. E. Identification of Bacterial DNA Markers for the Detection of
Human Fecal Pollution in Water. Appl. Environ. Microbiol. 2007, 73
(8), 2416−2422.
(40) Kildare, B. J.; Leutenegger, C. M.; McSwain, B. S.; Bambic, D.
G.; Rajal, V. B.; Wuertz, S. 16S RRNA-Based Assays for Quantitative
Detection of Universal, Human-, Cow-, and Dog-Specific Fecal
Bacteroidales: A Bayesian Approach.Water Res. 2007, 41 (16), 3701−
3715.
(41) Cao, Y.; Griffith, J. F.; Dorevitch, S.; Weisberg, S. B.
Effectiveness of QPCR Permutations, Internal Controls and Dilution
as Means for Minimizing the Impact of Inhibition While Measuring
Enterococcus in Environmental Waters. J. Appl. Microbiol. 2012, 113
(1), 66−75.
(42) Sivaganesan, M.; Haugland, R. A.; Chern, E. C.; Shanks, O. C.
Improved Strategies and Optimization of Calibration Models for Real-
Time PCR Absolute Quantification. Water Res. 2010, 44 (16), 4726−
4735.
(43) R Core Team. R: A Language and Environment for Statistical
Computing. https://www.r-project.org.
Environmental Science & Technology Article
DOI: 10.1021/acs.est.8b07192
Environ. Sci. Technol. 2019, 53, 10023−10033
10032
(44) Abdi, H. The Bonferonni and Sidak Corrections for Multiple
Comparisons. In Encyclopedia of Measurment and Statistics; Salkind, N.
J., Ed.; Sage Publications: Thousand Oaks, CA, 2007.
(45) Ercumen, A.; Pickering, A. J.; Kwong, L. H.; Mertens, A.;
Arnold, B. F.; Benjamin-Chung, J.; Hubbard, A. E.; Alam, M.; Sen, D.;
Islam, S.; Rahman, M. Z.; Kullmann, C.; Chase, C.; Ahmed, R.;
Sarker, P. M.; Unicomb, L.; Rahman, M.; Ram, P. K.; Clasen, T.;
Luby, S. P.; Colford, J. M., Jr. Do Sanitation Improvements Reduce
Fecal Contamination of Water, Hands, Food, Soil, and Flies?
Evidence from a Cluster-Randomized Controlled Trial in Rural
Bangladesh. Environ. Sci. Technol. 2018, 52 (21), 12089−12097.
(46) Montealegre, M. C.; Roy, S.; Boni, F.; Hossain, M. I.; Navab-
Daneshmand, T.; Caduﬀ, L.; Faruque, A. S. G.; Islam, M. A.; Julian, T.
R. Risk Factors for Detection, Survival, and Growth of Antibiotic-
Resistant and Pathogenic Escherichia Coli in Household Soils in
Rural Bangladesh. Appl. Environ. Microbiol. 2018, AEM.01978−18.
DOI: 10.1128/AEM.01978-18
(47) Julian, T. R.; Mosler, H.-J.; Friedrich, M. N. D.; Navab-
Daneshmand, T.; Montealegre, M. C.; Gac̈hter, M.; Nhiwatiwa, T.;
Mlambo, L. S. Escherichia Coli Contamination across Multiple
Environmental Compartments (Soil, Hands, Drinking Water, and
Handwashing Water) in Urban Harare: Correlations and Risk Factors.
Am. J. Trop. Med. Hyg. 2018, 98 (3), 803−813.
(48) Odagiri, M.; Schriewer, A.; Daniels, M. E.; Wuertz, S.; Smith,
W. A.; Clasen, T.; Schmidt, W. P.; Jin, Y.; Torondel, B.; Misra, P. R.;
Panigrahi, P.; Jenkins, M. W. Human Fecal and Pathogen Exposure
Pathways in Rural Indian Villages and the Effect of Increased Latrine
Coverage. Water Res. 2016, 100, 232−244.
(49) Baker, K. K.; Senesac, R.; Sewell, D.; Sen Gupta, A.; Cumming,
O.; Mumma, J. Fecal Fingerprints of Enteric Pathogen Contamination
in Public Environments of Kisumu, Kenya, Associated with Human
Sanitation Conditions and Domestic Animals. Environ. Sci. Technol.
2018, 52 (18), 10263−10274.
(50) Beld, M. J. C.; Reubsaet, F. A. G. Differentiation between
Shigella, Enteroinvasive Escherichia Coli (EIEC) and Noninvasive
Escherichia Coli. Eur. J. Clin. Microbiol. Infect. Dis. 2012, 31 (6), 899−
904.
(51) Julian, T. R.; Islam, M. A.; Pickering, A. J.; Roy, S.; Fuhrmeister,
E. R.; Ercumen, A.; Harris, A.; Bishai, J.; Schwab, K. J. Genotypic and
Phenotypic Characterization of Escherichia Coli Isolated from Feces,
Hands, and Soils in Rural Bangladesh Using the Colilert Quanti-Tray
System (IDEXX). Appl. Environ. Microbiol. 2015, AEM.03214−
14-.811735
(52) Maheux, A. F.; Huppe, V.; Boissinot, M.; Picard, F. J.;
Bissonnette, L.; Bernier, J. L. T.; Bergeron, M. G. Analytical Limits of
Four β-Glucuronidase and β-Galactosidase-Based Commercial
Culture Methods Used to Detect Escherichia Coli and Total
Coliforms. J. Microbiol. Methods 2008, 75 (3), 506−514.
(53) Pickering, A. J.; Julian, T. R.; Mamuya, S.; Boehm, A. B.; Davis,
J. Bacterial Hand Contamination among Tanzanian Mothers Varies
Temporally and Following Household Activities. Trop. Med. Int.
Health 2011, 16 (2), 233−239.
(54) Rivera, S. C.; Hazen, T. C.; Toranzos, G. A. Isolation of Fecal
Coliforms from Pristine Sites in a Tropical Rain Forest. Appl. Environ.
Microbiol. 1988, 54 (2), 513−517.
(55) Fujioka, R.; Sian-Denton, C.; Borja, M.; Castro, J.; Morphew,
K. Soil: The Environmental Source of Escherichia Coli and
Enterococci in Guam’s Streams. J. Appl. Microbiol. 1998, 85 (S1),
83S−89S.
(56) Oh, S.; Buddenborg, S.; Yoder-Himes, D. R.; Tiedje, J. M.;
Konstantinidis, K. T. Genomic Diversity of Escherichia Isolates from
Diverse Habitats. PLoS One 2012, 7 (10), No. e47005.
(57) Goto, D. K.; Yan, T. Genotypic Diversity of Escherichia Coli in
the Water and Soil of Tropical Watersheds in Hawaii. Appl. Environ.
Microbiol. 2011, 77 (12), 3988−3997.
(58) Marcus, I. M.; Bolster, C. H.; Cook, K. L.; Opot, S. R.; Walker,
S. L. Impact of Growth Conditions on Transport Behavior of E. Coli.
J. Environ. Monit. 2012, 14 (3), 984.
(59) Bolster, C. H.; Haznedaroglu, B. Z.; Walker, S. L. Diversity in
Cell Properties and Transport Behavior among 12 Different
Escherichia Coli Iisolates. J. Environ. Qual. 2009, 38, 465−472.
(60) Durso, L. M.; Smith, D.; Hutkins, R. W. Measurements of
Fitness and Competition in Commensal Escherichia Coli and E. Coli
O157:H7 Strains. Appl. Environ. Microbiol. 2004, 70 (11), 6466−
6472.
(61) Sinclair, R. G.; Rose, J. B.; Hashsham, S. A.; Gerba, C. P.; Haas,
C. N. A Criteria for Selection of Surrogates Used to Study the Fate
and Control of Pathogens in the Environment. Appl. Environ.
Microbiol. 2012, 78 (6), 1969−1977.
(62) Ferguson, C.; Husman, A. M. de R.; Altavilla, N.; Deere, D.;
Ashbolt, N. Fate and Transport of Surface Water Pathogens in
Watersheds. Crit. Rev. Environ. Sci. Technol. 2003, 33 (3), 299−361.
(63) Ercumen, A.; Arnold, B. F.; Naser, A. M.; Unicomb, L.;
Colford, J. M.; Luby, S. P. Potential Sources of Bias in the Use of
Escherichia Coli to Measure Waterborne Diarrhoea Risk in Low-
Income Settings. Trop. Med. Int. Health 2017, 22 (1), 2−11.
(64) Luby, S. P.; Halder, A. K.; Huda, T. M.; Unicomb, L.; Islam, M.
S.; Arnold, B. F.; Johnston, R. B. Microbiological Contamination of
Drinking Water Associated with Subsequent Child Diarrhea. Am. J.
Trop. Med. Hyg. 2015, 93 (5), 904−911.
(65) Pickering, A. J.; Ercumen, A.; Arnold, B. F.; Kwong, L. H.;
Parvez, S. M.; Alam, M.; Sen, D.; Islam, S.; Kullmann, C.; Chase, C.;
Ahmed, R.; Unicomb, L.; Colford, J. M.; Luby, S. P. Fecal Indicator
Bacteria along Multiple Environmental Transmission Pathways
(Water, Hands, Food, Soil, Flies) and Subsequent Child Diarrhea
in Rural Bangladesh. Environ. Sci. Technol. 2018, 52 (14), 7928−7936.
(66) Boehm, A. B.; Yamahara, K. M.; Love, D. C.; Peterson, B. M.;
McNeill, K.; Nelson, K. L. Covariation and Photoinactivation of
Traditional and Novel Indicator Organisms and Human Viruses at a
Sewage-Impacted Marine Beach. Environ. Sci. Technol. 2009, 43 (21),
8046−8052.
(67) Viau, E. J.; Lee, D.; Boehm, A. B. Swimmer Risk of
Gastrointestinal Illness from Exposure to Tropical Coastal Waters
Impacted by Terrestrial Dry-Weather Runoff. Environ. Sci. Technol.
2011, 45 (17), 7158−7165.
(68) Nizame, F. A.; Leontsini, E.; Luby, S. P.; Nuruzzaman, M.;
Parveen, S.; Winch, P. J.; Ram, P. K.; Unicomb, L. Hygiene Practices
during Food Preparation in Rural Bangladesh: Opportunities to
Improve the Impact of Handwashing Interventions. Am. J. Trop. Med.
Hyg. 2016, 95 (2), 288−297.
Environmental Science & Technology Article
DOI: 10.1021/acs.est.8b07192
Environ. Sci. Technol. 2019, 53, 10023−10033
10033
